ABSTRACT: Four experiments were conducted to examine effects of dietary wheat middlings (midds), corn dried distillers grains with solubles (DDGS), and NE formulation on nursery pig performance and caloric efficiency. In Exp. 1, 180 nursery pigs (11.86 ± 0.02 kg BW and 39 d of age) were fed 1 of 5 diets for 21 d, with 6 pigs per pen and 6 replications per treatment. Diets were corn-soybean meal based and included 0, 5, 10, 15, or 20% wheat midds. Increasing wheat midds decreased (linear; P < 0.05) ADG and ADFI. Caloric efficiency improved (linear; P < 0.05) on both an ME (NRC, 1998) and NE (Sauvant et al., 2004) basis as dietary wheat midds increased. In Exp. 2, 210 pigs (6.85 ± 0.01 kg BW and 26 d of age) were fed 1 of 5 diets for 35 d, with 7 pigs per pen and 6 replications per treatment. Diets were corn-soybean meal based and contained 0, 5, 10, 15, or 20% wheat midds. Increasing wheat midds did not affect overall ADG or ADFI but decreased (quadratic; P < 0.013) G:F at 20%. Caloric efficiency for both ME and NE improved (quadratic; P < 0.05) as dietary wheat midds increased. In Exp. 3, 180 pigs (12.18 ± 0.4 kg BW and 39 d of age) were fed 1 of 6 experimental diets arranged in a 2 × 3 factorial with main effects of DDGS (0 or 20%) and wheat midds (0, 10, or 20%) for 21 d, with 6 pigs per pen and 5 replications per treatment. No DDGS × wheat midds interactions were observed, and DDGS did not influence ADG, ADFI, or G:F, but increasing dietary wheat midds decreased (linear; P < 0.05) ADG, G:F, and final BW. In Exp. 4, 210 pigs (6.87 kg BW and 26 d of age) were allotted to 1 of 5 dietary treatments, with 7 pigs per pen and 6 replications per treatment. Wheat middlings (0, 10, or 20%) were added to the first 3 diets without balancing for energy. In diets 4 and 5, soybean oil was added (1.4 and 2.8%) to 10 and 20% wheat midds diets to balance to the same NE as the positive control (0% wheat midds). Overall, no wheat midds × fat interactions occurred. Regardless of formulated energy value, caloric efficiency and G:F were poorer (P < 0.05) on an ME basis as wheat midds increased from 10 to 20% of the diet but did not change when calculated on an NE basis. Results of these experiments indicate that wheat midds may be fed up to 10 to 15% of the diet without negatively affecting nursery pig performance and with no interactive effects when fed in combination with DDGS. Also, formulating on an NE basis provided for similar performance with increasing dietary wheat midds compared with a corn-soybean meal control diet.
INTRODUCTION
Wheat middlings (midds) are a byproduct of the flour milling industry and are a high-fiber ingredient (crude fiber [CF] < 9.5%). Wheat middlings consist of wheat bran, wheat shorts, wheat germ, wheat flour, and some offal from the wheat milling process (Blasi et al., 1998) . Although wheat midds have been used mainly in ruminant diets, their use in swine diets has steadily increased because of the high costs of traditional ingredients. Salyer et al. (2012) and Asmus et al. (2012) conducted experiments examining dietary wheat midds for finishing pigs. They concluded that dietary wheat midds decreased both ADG and G:F, which can be explained by the lower energy content of wheat midds compared with corn (3,025 vs. 3,420 kcal/kg of ME, respectively; NRC, 1998). The researchers also observed that added wheat midds led to a decrease in diet bulk density and diet energy as well as an increase in NDF content. Although studies have been conducted to study the effects of wheat midds on finishing pig performance, little work has been done to determine the effects of dietary wheat midds on nursery pig performance.
Corn dried distillers grains with solubles (DDGS) have become a common ingredient in swine diets (Stein and Shurson, 2009) . Corn DDGS and wheat midds are similar in that they are byproduct ingredients with a high CF content (7.3 and 7% respectively). Few data are available on the interactive effects of wheat midds and DDGS in nursery diets as well as the effect of NE formulation of diets containing wheat midds. Therefore, the objectives of these experiments were to determine the effects of 1) increasing dietary wheat midds, 2) potential interactive effects of wheat midds and DDGS, and 3) diet formulation on an NE basis on nursery pig performance and caloric efficiency.
MATERIALS AND METHODS
All practices and procedures used in these experiments were approved by the Kansas State University Institutional Animal Care and Use Committee. All 4 experiments were conducted at the Kansas State University Swine Teaching and Research Center in Manhattan, KS. For all 4 experiments, pigs were from a similar genetic line (327 × 1050; PIC, Hendersonville, TN). Each pen (1.22 × 1.52 m) contained a 4-hole, dry self-feeder and a nipple waterer to provide ad libitum access to feed and water. Pens had wire-mesh floors. All pigs were weaned at approximately 21 d of age and fed common starter diet or diets before implementation of experimental diets. The common diets did not contain wheat midds or DDGS. All diets were prepared at the Kansas State University Animal Sciences and Industry Feed Mill and were fed in meal form.
For experiments 1, 2, and 3, diets were not balanced for energy, so as the level of wheat midds increased, dietary energy decreased. Diets within phase for all experiments were formulated to a constant standard ileal digestible Lys concentration based on the value of the control diet to ensure that changes in performance were due to the addition of wheat midds rather than AA concentrations. For diet formulation, the assumed ME and NE values of DDGS were similar to that of corn (3,420 and 2,650 kcal/kg; NRC, 1998, and Sauvant et al., 2004) , and the ME and NE values of wheat midds were 3,025 and 1,850 kcal/kg (NRC, 1998, and Sauvant et al., 2004) , respectively. Caloric efficiencies of pigs were determined using dietary ingredient values for ME (DDGS value used was equal to corn) from NRC (1998) and for NE from INRA (Sauvant et al., 2004) . Values from NRC (1998) were used instead of NRC (2012) values because the later had not been published at the time of formulation. Caloric efficiencies were calculated on a pen basis by multiplying total pen feed intake by the dietary energy concentration (kcal/kg) and dividing by total pen gain.
Chemical Analysis
Ingredients and samples of each diet were collected from feeders between each weigh day, blended, subsampled, and analyzed at Ward Laboratories, Inc. (Kearney, NE) for DM (method 934.01; AOAC, 2006) Table 1 ). Nitrogen-free extract was calculated with the equation NFE = DM -(CP + CF + fat + ash) (Ward Laboratories, Inc.). Bulk density of the wheat midds, DDGS, and complete diets were also determined (Clementson et al., 2010) as well as particle size of the wheat midds and DDGS (ASABE, 2008) .
Experiment 1
A total of 180 mixed-sex nursery pigs (initially 11.86 ± 0.02 kg BW and 39 d of age) were used in a 21-d trial to evaluate the effects of increasing dietary wheat midds on nursery pig performance and caloric efficiency. Pigs were allotted to pen by initial BW, and pens were assigned to treatments in a completely randomized design, with 6 pigs per pen and 6 replications per treatment. The 5 treatment diets included 0, 5, 10, 15, or 20% wheat midds (Table 2) . Pig weight and feed disappearance were measured on d 0, 7, 14, and 21 to calculate ADG, ADFI, G:F, and caloric efficiency.
Experiment 2
A similar treatment arrangement was used in Exp 1 and 2, but younger and lighter BW pigs were used to evaluate the response in pigs expected to have a lower feed intake. Therefore, a total of 210 mixed-sex nursery pigs (initially 6.85 ± 0.01 kg BW and 26 d of age) were used in a 35-d growth trial to determine the effects of dietary wheat midds on pig performance and caloric efficiency. Pigs were allotted to pens by initial BW, and pens were assigned to treatments with 7 pigs per pen and 6 replications per treatment in a completely randomized design. The 5 treatment diets included 0, 5, 10, 15, or 20% wheat midds (Table 3) . Diets were fed in 2 phases, with phase 1 from d 0 to 14 and phase 2 from d 14 to 35. The phase 2 period corresponds approximately to a BW range similar to Exp 1. Pig weight and feed disappearance were measured on d 0, 7, 14, 21, 28, and 35 to calculate ADG, ADFI, and G:F.
Experiment 3
A total of 180 mixed-sex nursery pigs (initially 12.18 ± 0.4 kg BW and 39 d of age) were used in a 21-d growth trial to determine the interactive effects of wheat midds and DDGS on pig performance and caloric efficiency. Pigs were allotted to pens by initial BW, so pen initial average BW was similar among pens; pens were then assigned to treatments with 6 pigs per pen and 5 replications per treatment in a completely randomized design. All pigs were fed a common diet before allocation to treatments. The 6 treatment diets were arranged in a 2 × 3 factorial with main effects of wheat midds (0, 10, and 20%) with or without 20% DDGS (Table 4) . Pig weight and feed disappearance were measured on d 0, 7, 14, and 21 to calculate ADG, ADFI, and G:F.
Experiment 4
A total of 210 mixed-sex nursery pigs (initially 6.87 kg BW and 26 d of age) were used in a 29-d growth trial to determine the effects of formulating diets on an NE basis on pig performance and caloric efficiency. Pigs were allotted to pens by initial BW, and pens were assigned to treatments with 7 pigs per pen and 6 replications per treatment in a completely randomized design. The 5 corn-soybean meal-based diets were 1) corn-soybean meal diet (positive control), 2) 10% added wheat midds, 3) 20% added wheat midds, 4) treatment 2 with 1.4% added soybean oil, and 5) treatment 3 with 2.8% added soybean oil. Treatment diets 4 and 5 were balanced on an NE basis equal to that of the positive control (Table 5) . Thus, this treatment arrangement resulted in a positive control plus a 2 × 2 factorial treatment arrangement with the main effects of the factorial arrangement as balancing for dietary NE content to that of the positive control (no or yes) and wheat midds level (10 or 20%). Feed ingredients were assigned an NE (Sauvant et al., 2004) value for the growing pig, and they were fed in 2 phases, from d 0 to 12 and from d 12 to 29. Pig weight and feed disappearance were measured on d 0, 7, 12, 26, and 29 to calculate ADG, ADFI, and G:F.
Statistical Analysis
For all 4 experiments, data were analyzed as a completely randomized design using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC), with pen as the experimental unit. All treatment means were analyzed using the LSMEANS statement and preplanned CONTRAST statements in SAS. The preplanned contrasts in Exp. 1 and 2 included the linear and quadratic effects of increasing dietary wheat midds. In Exp. 3, the preplanned contrasts were wheat midds dose (linear and quadratic) × DDGS interactive effect, wheat midds dose main effect (linear and quadratic) of increasing dietary wheat midds regardless of DDGS inclusion and DDGS main effect. In Exp. 4, balanced NE × wheat midds level was evaluated as the interaction between treatments 2 through 4 excluding the positive control (treatment 1). If the interaction was significant, the effect of quadratic and linear effects of increasing wheat midds level (0, 10, or 20%) within the main effect of balancing were evaluated. If the interaction was not significant, the effect of quadratic and linear effects of increasing dietary wheat midds level (0, 10, or 20%) regardless of NE balancing were evaluated. Main effect of balancing on NE (treatments 2 and 3 vs. treatments 4 and 5) and wheat midds level (treatments 2 and 4 vs. 3 and 5) were also evaluated. In all 4 experiments, least square means were calculated for each independent variable, and results were considered significant at P < 0.05 and trends at P < 0.10.
RESULTS

Chemical Analysis
Analysis of DDGS and wheat midds verified nutrient values as similar to those used in diet formulation; the minor differences were not expected to influence the results of the experiments. Nutrient analysis of the treatment diets showed that most nutrients levels were similar to formulated values. The only exceptions were CF, Ca, and P, which averaged slightly higher than formulated values.
Analysis of diets revealed that as dietary wheat midds or DDGS increased in the diet, ADF, NDF, and fat increased as expected. Also, as dietary wheat midds or DDGS increased, bulk density decreased.
Experiment 1
Overall (d 0 to 21), as dietary wheat midds increased, ADG and ADFI decreased (linear; P < 0.05) in pigs fed increasing wheat midds (Table 6 ). There was no difference in G:F as wheat midds increased. Caloric efficiency also decreased (P < 0.05) on an ME and NE basis as the level of dietary wheat midds increased.
Experiment 2
During phase 1 (d 0 to 14), increasing wheat midds had no effect on performance (Table 7) . However, during phase 2 (d 14 to 35), pigs fed increasing wheat midds had decreased (linear; P < 0.05) ADG and G:F compared to pigs fed the control diet. Overall (d 0 to 35), as dietary wheat midds increased, G:F decreased (quadratic; P < 0.013). For caloric efficiency, the response was quadratic (P < 0.05) on an ME and NE basis as the level of wheat midds increased in the diet.
Experiment 3
Overall (d 0 to 21), no wheat midds × DDGS interactions (P > 0.12) were observed (Table 8) . Increasing dietary wheat midds decreased (linear; P < 0.05) ADG, final BW, and G:F, with no effect on ADFI. Adding 20% DDGS to the diet did not influence performance (P > 0.59). Caloric efficiencies did not differ when calculated on an ME or NE basis.
Experiment 4
During phase 1 (d 0 to 12), a balanced NE × wheat midds level interaction (P = 0.009) was observed for ADFI (Table 9) . As more wheat midds were added to the diet and not balanced for NE, pigs had increased ADFI (linear; P = 0.0486). Conversely, ADFI increased (0 to 10%) and then decreased (10 to 20%) in diets balanced for NE (quadratic; P = 0.025). During phase 2 (d 12 to 29), increasing dietary wheat midds decreased (quadratic; P = 0.030) G:F, but ADG and ADFI were not significantly influenced. Overall (d 0 to 29), no balanced NE × wheat midds level interactions were observed.
Pigs fed increasing dietary wheat midds had a tendency for poorer (linear; P < 0.10) G:F and caloric efficiency when expressed on an ME basis. Poorer (P < 0.05) G:F and caloric efficiency on an ME basis were also found as wheat midds level increased in the diets regardless of balancing for NE or not, but no differences were observed for energetic efficiency on an NE basis. 
DISCUSSION
The majority of published research with wheat midds or wheat shorts has been conducted with finishing pigs. Young (1980) conducted 2 studies that indicated growing pigs fed increasing levels of wheat shorts from 18 to 44 kg had decreased ADG, but only if 64.4% wheat shorts were included in the diet, whereas finishing pigs fed from 21 kg to slaughter had decreased ADG after 32.2% wheat shorts or more were used. In both studies, G:F decreased as dietary wheat shorts were added to the diet. Dietary Lys and energy decreased as wheat shorts were added to the diet. However, all Lys levels were at or above recommended concentrations (NRC, 1979) , which subsequently also met requirements from NRC (1998). Feoli et al. (2006) conducted a study feeding increasing levels of wheat midds to finishing pigs from 65 kg BW to slaughter. Pigs were fed wheat midds at inclusion rates of 0, 15, and 30% with or without the use of a commercial xylanase enzyme. Diets were not isocaloric but were isonitrogenous, such that as wheat midds increased in the diet, energy content decreased but AA levels remained constant. Pigs fed increasing wheat midds from 0 to 30% had decreased ADG, G:F, and HCW. The enzyme had no effect, but the increasing wheat midds decreased apparent digestibility of DM, N, and GE. Asmus et al. (2012) fed wheat midds to finishing pigs from 38 kg to slaughter at levels of 0 or 19% with isocaloric and isonitrogenous diets. Pigs fed diets containing wheat midds had decreased ADG, G:F, final BW, and HCW. Erickson et al. (1985) fed pigs 20, 40, or 60% wheat midds from 11 or 21 kg BW to slaughter. They observed that pigs fed increasing wheat midds had decreased ADG and G:F, mainly due to decreases that occurred if more than 20% wheat midds were included in the diets. In this study, diets were isonitrogenous and isocaloric such that Lys and energy levels were held constant as wheat midds increased in the diet.
In the present studies with nursery pigs, a common observation was that despite linear decreases in ADG and G:F, the greatest detriment was observed with wheat midds greater than 10 or 15% of the diet. This response occurred as a result of decreased calculated dietary energy content. Shaw et al. (2002) observed that wheat midds inclusion levels of up to 30% had no effect on ADG, ADFI, or G:F for pigs fed from 8 to 28 kg BW. However, Erickson et al. (1985) reported that increasing dietary wheat midds as an equal replacement for corn at levels of 0, 10, 20, or 30% decreased ADG and G:F and increased ADFI when fed to pigs with an initial BW of 11 kg for 4 wk.
The variability in response to wheat midds inclusion in diets for nursery pigs may be due to the variability among wheat midds sources. Cromwell et al. (2000) observed that 14 sources of wheat midds had differences in bulk density, DM, CP, Ca, P, Se, and NDF. Cromwell et al. (1992) reported that pigs fed "heavy" wheat midds, classified by a high bulk density, had improved performance compared with those fed identical levels of "light" wheat midds. Light wheat midds have very few starch particles and consist of a larger proportion of bran than "heavy" wheat midds. The differences among sources of wheat midds are mainly due to processing techniques used in flour milling as well as the region the wheat was grown; for example, hard red wheat is higher in CP than soft red wheat. All wheat midds used in our experiments are considered "heavy" wheat midds based on bulk density analysis and may have contained more starch than other "light" wheat midds sources. This may explain the similar performance in pigs fed diets containing 10 to 15% wheat midds and those fed the corn-soybean meal control diets. In Exp. 2 and 4, increasing dietary wheat midds did not affect performance of nursery pigs from 7 to 10 kg. However, greater than 10% wheat midds had negative effects on both ADG and G:F after 10 kg. This result supports data of Weber et al. (2008) , indicating that fibrous feed ingredients (DDGS, soybean hulls, and citrus pulp) did not affect performance of pigs from 5 to 15 kg. The decrease in performance for older nursery pigs may have been a result of the increased diet bulk density as well as the increasing NDF content of the diets as wheat midds were increased. Palatability of a new diet may also explain the decreased performance. In Exp. 1 of the present studies, ADFI decreased as wheat midds increased, indicating that feed intake may have been limited by gut fill due to the low bulk density of the wheat midds. The reduction in diet bulk density may have hindered pigs from consuming more total feed to meet their energy requirements but is unclear due to the lack of an ADFI response in Exp.3 and 4. Avelar et al. (2010) reported reductions in ADG, ADFI, and G:F when feeding increasing dietary wheat DDGS to 7-to 17-kg nursery pigs. The decreased performance was attributed to the decreased bulk density of the diets as dietary wheat DDGS increased. Ndou et al. (2012) also observed that diet bulk density was associated with decreased ADFI when pigs were fed diets containing increasing amounts of highly fibrous feedstuffs. The inclusion of corn DDGS in nursery diets has been shown to have little or no effect on nursery pig performance at levels up to 45% (Senne et al., 1995; Linneen et al., 2006; Weber et al., 2008) or even to slightly improve G:F (Barbosa et al., 2008) , but all of these studies were in corn-soybean meal-based diets without other coproducts. In the current studies, no interactions were observed between DDGS and wheat midds for nursery pig performance despite further decreased diet bulk density and increased dietary fiber levels when both ingredients were included in the diets. Results of research with finishing pigs by Asmus et al. (2012) and Salyer et al. (2012) also indicated that there were no interactions between wheat midds and DDGS, although wheat midds negatively affected performance. The first 3 trials in the present study were not isocaloric, but the final experiment evaluated equal NE formulation using added soybean oil to balance the NE levels 2 Balanced NE × wheat middlings level was evaluated as the interaction between treatments 2 through 4.
3 Main effect of balancing on NE (treatments 2 and 3 vs. treatments 4 and 5; P > 0.12).
4 Combines treatments 2 and 4 and 3 and 5 to create a 0, 10, and 20% wheat middlings level quadratic or linear contrast.
5 Compares treatments 2 and 4 vs. 3 and 5.
6 Wheat middlings level within without balancing for NE (linear; P = 0.0486) and within balancing for NE (quadratic; P = 0.025).
when diets contained 10 or 20% wheat midds. In this case, performance was restored and no negative effects of increasing wheat midds in the diet were observed for growth rate. This result supports work in finishing pigs by Shaw et al. (2002) and Salyer et al. (2012) , which indicated that the use of added fat to balance the dietary energy concentration when wheat midds were added to diets may mitigate the negative effects of wheat midds.
In practical formulation, the added cost of fat must be considered in the overall economic analysis of ingredient selection and production goals. When formulating diets containing high levels of byproducts such as wheat midds and DDGS, assigning accurate energy concentrations to these byproducts is essential to establish accurate feeding values. Caloric efficiency can be calculated to determine if the assigned ingredient energy concentration is accurate. This approach can be applied to all energy systems used in diet formulation to determine if the energy value assigned to a particular ingredient is accurate. If the assigned energy value is correct, regardless of the test ingredient inclusion level, a similar caloric efficiency will be calculated. If significant differences in caloric efficiencies of diets containing increasing levels of the test ingredient are observed, the energy level for the ingredient was likely underestimated or overestimated in formulation. However, the energy level of an ingredient may change based on the level used in the diets, especially in higher fiber ingredients. Just (1982) reported that for every 1% increase in the CF content of a diet, the digestible ME decreased by 1%, which indicated that an ingredient's actual energy value may change as the level of the ingredient in the diet changes. Stewart et al. (2013) estimated the NE value of wheat midds using complete body composition of growing (25.4 kg BW) and finishing (84.8 kg BW) pigs fed 0 or 30% wheat midds. They observed that the NE of the diet containing wheat midds was lower than the basal diet for growing pigs and tended to be lower in the finishing phase. The energy concentration of wheat midds was also numerically greater when fed to finishing pigs (1,015 vs. 959 kcal/kg) compared with growing pigs. This result indicated that current NE values (1,560 kcal/ kg; NRC, 1998; 1,850 kcal/kg; Sauvant et al., 2004) may be overestimating the caloric content of wheat midds, but because only 1 level of wheat midds inclusion was tested that was much greater than any levels used in the present experiments, it might suggest that as wheat midds are added to the diet at high levels, the digestibility of other ingredients may be affected and thus decrease the calculated NE concentration of wheat midds.
In conclusion, nursery pigs fed diets with increasing wheat midds had decreased performance when diets were isocaloric, but the decrease in performance occurred only when wheat midds were fed at levels over 10 to 15% of the diet. The INRA (Sauvant et al., 2004 ) NE value of wheat midds appears to be a more accurate energy value than the ME value from the NRC (1998) based on caloric efficiencies, but more work needs to be conducted to fully understand the energetic value based on inclusion rate and the age of the pig.
